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Abstract 
Most compilations of global CO2 storage capacity separate volumes of storage in oil fields from volumes 
of storage in nonproductive saline formations. In this study we begin to define accessible volumes by 
strategically combining CO2 use for enhanced oil recovery with large-volume storage in associated saline 
formations. This variant of carbon capture, use, and storage (CCU&S) is known as stacked storage 
because it uses the three-dimensional properties of the subsurface to achieve multiple complementary 
objectives. The motivation for combining CO2 enhanced oil recovery (EOR) and saline-storage types is 
that where EOR is possible, it provides an attractive market for CO2 but does not alone achieve emission-
reduction targets. By spatially and temporally linking CO2 EOR with vertically and horizontally adjacent 
saline storage volumes, the infrastructure, experience, and community acceptance developed for EOR can 
provide a substantive boost for using the entire subsurface for storage of very large volumes.  
Representative fields in major areas of current commercial CO2 EOR served as test cases and were 
matched with mapped subregional saline-storage potential. Test cases included (1) selected Permian and 
Pennsylvanian CO2 EOR fields in the Permian Basin of west Texas and New Mexico that were matched 
with regional, nonproductive Permian saline formations, (2) Cretaceous-age fields (e.g., the SECARB 
study area at Cranfield) in the Mississippi salt basin that were matched with regional Cretaceous 
Tuscaloosa saline formations, and (3) salt-dome marginal and growth-fault rollover fields in the 
Oligocene Frio Formation of the Texas Gulf Coast that were matched with regional Tertiary-age saline 
formation. In each case, good matches were obtained between CO2 EOR markets and adjacent saline 
formations. Other saline formations underlie and are separated from the productive zone by their own 
confining systems. Limitations on the application are also considered. 
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1. Definition of Stacked Storage 
Most evaluations of CO2 storage capacity [1][2][3][4] inventory the volumes of storage in hydrocarbon 
fields separately from volumes of storage in nonproductive saline formations. This procedure is logical 
because the capacity calculation for depleted hydrocarbon fields is different from that for typical saline 
formations. CO2 that is injected into traps for buoyant fluids, such as depleted hydrocarbon fields, is 
generally thought to accumulate more efficiently than in non-trap settings because buoyant CO2 is 
concentrated against the seal and denser water is displaced from the bottom. Previous pressure depletion 
in the hydrocarbon reservoir may also play a role in increasing storage capacity. In addition, data about 
hydrocarbon reservoirs come from different sources, lending different levels of confidence to capacity 
calculations. Subsurface and surface ownership, existing infrastructure, and different permitting processes 
may motivate use of depleted reservoirs for storage at rates different  from those of similar saline 
formations.  
Oil fields lie within large regional rock units that contain no oil, referred to in the carbon capture and 
storage (CCS) context as saline formations (figure 1). In most cases, non-oil-bearing saline formations are 
similar to oil reservoirs in terms of accepting fluids; however, during geologic history, pore volumes 
remained filled with brine because they were bypassed rather than being charged with oil. Reservoirs and 
saline formations can be connected so that fluid can move from one to another, or they can be isolated by 
sealing shales or faults. In cases where an oil reservoir lies within a saline formation so that fluids can 
move, the saline formation is referred to as the water leg of the reservoir. The contact between oil and 
water is controlled by buoyancy because  oil is less dense than water. Water may be found directly below 
the oil if the permeable unit is thicker than the oil column or laterally adjacent to the oil in the lower parts 
of the geologic structure that forms the reservoir. Lateral compartmentalization by faulting or by 
discontinuities in the permeable unit is referred to as closed boundaries to the reservoir.  
 
 
Figure 1. Geometric relationships between saline storage units and hydrocarbon reservoirs. 
 
 
 Many evaluations have focused on single storage units. However, geologic cross sections show that in 
most basins, multiple units with storage potential are available and are separated by barriers to flow. For 
multiple units to contain separate hydrocarbon reservoirs that may be even owned by different operators 
is common. CO2 storage, whether conducting EOR or not, can use these multiple units separately for 
storage. 
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The use of multiple units with overlapping footprints in map view but providing additional space in 
three dimensions is referred to as stacked storage. Utilizing the three dimensions in designed stages offers 
a number of benefits to CCS.  
2. Motivation  
A significant difference between depleted oil fields and gas reservoirs and saline formations is that 
depleted reservoirs may offer prolonged and profitable activity via use of CO2 for EOR. CO2 injected into 
suitable depleted reservoirs liberates oil that is otherwise trapped [5]. The advantages of using CO2 for 
EOR result in an observed strong preference for CO2 captured by early projects to be sold to such EOR 
projects where possible, which, in turn, lead to an increase in the number of capture-to-EOR projects in 
the U.S. inventory relative to saline-storage projects.  
This trend, however, creates a question: are the EOR projects valuable in developing large-volume 
storage. Under many scenarios, large-volume storage ultimately requires utilization of the large volumes 
of saline formations. This issue was discussed in detail in a symposium [6] that considered the strengths 
and limits of the whole CCS system. One key issue is the fate of the produced oil. If produced oil is 
conceptualized as additional oil that will be combusted in a way that results in release of additional CO2 
into the atmosphere, then the impact of EOR, as currently conducted, would be a net increase in 
greenhouse gas emissions [7]. However, if EOR is conceptualized as displacing other fossil fuel, such as 
imported oil, then, on balance, the process would be effective in reducing atmospheric releases, in 
addition to being helpful in lowering barriers to early capture projects (figure 2). 
 
 
 
 
Figure 2. CO2 EOR as a set of steps to help carbon capture and storage (CCS) begin. 
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In this paper, I consider only one aspect of EOR as a stimulus for large-scale saline CCS. If CO2 EOR 
is spatially and temporally linked with vertically and horizontally adjacent saline-storage volumes, the 
infrastructure, experience, and community acceptance developed for EOR provide a substantive boost to 
the use of storage-only techniques, which can utilize the entire subsurface for storage-only of larger 
volumes. Test cases are considered to determine (1) whether the concept of stacked storage is realistic and 
viable in terms of spatial distribution of EOR and saline storage volumes, (2) the limits of stacked storage 
by defining system failure conditions, and (3) generalized cases for future whole-system economic 
modeling. 
Even in cases where use of CO2 for EOR is not a consideration, the concept of stacked storage is 
useful in achieving multiple complementary objectives. For example, Elliott and Celia [8] noted that the 
map patterns of shale basins with potential for hydrocarbon recovery using hydrofracking overlap basins 
with potential for CO2 storage. Only by viewing the basins as thick, three-dimensional, layered units can 
the potential for conflicts between these uses be evaluated to determine whether the zones of interest 
actually coincide.  
3.Test cases 
Representative fields in major areas of current commercial CO2 EOR the Permian Basin, the 
Mississippi Salt Basin, and the Gulf Coast served as test cases and were matched with mapped 
subregional saline-storage potential to support future economic scenarios.  
Permian and Pennsylvanian CO2 EOR fields and the Permian Basin of west Texas and New Mexico 
are well known as successful sites for CO2 EOR, with additional potential still being discovered as the 
result of developing fields vertically to include the residual oil zone (ROZ) below conventional oil. 
Regional nonproductive Permian saline formations were recently mapped through the Permian Basin [9], 
documenting significant saline storage. This saline storage is both laterally adjacent to reservoirs, where it 
provides water drive [10], and below the productive reservoirs.  
Stacked potential is under evaluation in Cretaceous-age fields in the Mississippi salt basin of 
Louisiana, Mississippi, and Alabama. At Cranfield field, near Natchez, Mississippi, SECARB has 
conducted a study of the potential for injection in the water leg of the Tuscaloosa Formation, finding that 
the water leg is similar to the hydrocarbon reservoir in its acceptance of CO2 [11]. The SECARB 
Anthropogenic Test is injection of CO2 into the Paluxy Formation at Citronelle field, Alabama. This 
injection is below the Tuscaloosa Formation, which is saline at this site, and above an active oil-
production zone in the Rodessa Formation [12].  
Salt-dome marginal and growth-fault rollover fields on the Texas Gulf Coast are matched with 
regional Tertiary-age saline formations. Thick Tertiary sequences of sandstones and shales are normally 
described together under the same formation name. Separate oil pools are given informal names, 
numbers, and letters. Operationally, each of these units is a separate unit that can receive CO2 for EOR or 
for storage. Within the Oligocene Frio Formation, many dozens of flow units are therefore normally 
found (figure 3). For example, for the Frio tests, at South Liberty salt dome during 2004, we injected into 
, and in 2006,  Many additional zones are present 
within the study area, as well as across fault compartments. 
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Figure 3. Numerous stacked reservoirs of a typical Gulf Coast tertiary reservoir, showing distributions of gas (G), oil (O), and water 
(W).  
A review of 19 representative basins [13] shows that stacked potential is the rule, not the exception. In 
two basins, stacked potential was explicitly described; however, verbal descriptions of most basins show 
that the unit mapped was selected from a number of targets. Exceptions to the potential for stacked 
storage may be most common in areas where the sedimentary cover is thin, with most of the potential 
having been eliminated by invasion by fresh water or damaged by faulting. Sedimentary settings where a 
basal sandstones or carbonate is overlain by great thicknesses of shale or evaporite may also lack stacked 
potential.  
4. Limitations 
As part of our assessment of the viability of the stacked-storage concept, we considered situations that 
limit the rate or volume of storage. Preexisting well completions are the foremost limitation recognized. If 
cement behind the casing cannot be relied on to isolate the zones penetrated, the effect of this uncertainty 
must be evaluated completely. This condition is particularly applicable if the saline formation is shallower 
than the EOR target. The potential for leakage behind the casing in the shallower, nonproductive zone, 
through which no cement was set, may prove to be an unacceptable risk.  
Other risks specific to stacked storage using laterally-equivalent units must be assessed so as to 
determine the limitations of this method. CO2 may be placed downdip of a trap; the geometry of the CO2 
accumulation as the plume moves toward stabilization must be assessed so as to avoid filling beyond 
spill-points or exceeding the column height of buoyant fluid trapped by the seal, either of which could 
cause failure. 
In addition, the geomechanical impact of stacked storage remains to be assessed. Pressure could bleed 
from the injection zone into adjacent permeable units through large areas of low-permeability seals. This 
cross-formational fluid transfer would reduce pressure in any one zone, but cause interference if all zones 
were used. Deliberate use of stacked storage has the potential to decrease risk of large plume size or 
excessive pressure increase, but interference must be quantified. 
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